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1.  INTRODUCTION 


Experimental  pressure-time  curves  from  regenerative  liquid  propellant  gun  (RLPG)  firings 
characteristically  show  the  presence  of  high  amplitude,  high  frequency  pressure  fluctuations  in  the 
combustion  chamber  as  demonstrated  in  Figure  1.  The  graph  in  Figure  1  is  taken  from  a  combustion 
chamber  gage  for  a  155-mm  RLPG  firing.  The  gun  was  built  under  contract  by  the  General  Electric 
Company  for  the  U.S.  Army.  Broadband  high-frequency  (0-75  kHz),  high-amplimde  (up  to  30%  of  mean 
pressure)  pressure  oscillations  have  occurred  in  virtually  all  regenerative  liquid  propellant  gun  firings, 
including  all  calibers  and  diverse  injection  patterns  studied  nationally  and  internationally  (Cook  1990; 
Klingenberg  1991;  Haberl  1991;  and  Rychanovsky  1991).  The  origin  of  these  pressure  fluctuations,  their 
propagation,  and  their  influence  on  gun  components  are  areas  of  active  study  in  a  number  of  programs 
sponsored  by  the  U.S.  Army.  The  oscillations  may  propagate  downtube  and  cause  the  pressure  at  the  base 
of  the  projectile  to  fluctuate  as  well,  a  potential  source  of  concern  for  munitions  compatibility  (Bannister 
et  al.  199^.). 


Figure  1.  Experimental  combustion  chamber  pressure  history  from  a  lS5-mm 
regenerative  liquid  propellant  gun. 
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A  schematic  of  the  RLPG  developed  in  the  United  States  is  shown  in  Figure  2  and  is  referred  to  as 
a  Concept  VIC  design.  An  external  solid  or  liquid  propellant  igniter  (not  shown)  venting  into  the 
combustion  chamber  initiates  the  ballistic  cycle.  The  control  (inner)  piston  moves  first  in  response  to  the 
combustion  chamber  pressure  rise,  and  its  motion  is  modulated  by  the  pressure  in  the  damper.  The 
injection  (outer)  piston  follows  the  control  piston  in  response  to  the  chamber  and  liquid  pressures  acting 
on  the  exposed  surface  areas.  The  liquid  propellant,  LGP1846  (now  called  XM46),  flows  through  the 
annulus  created  between  the  two  moving  pistons  into  the  combustion  chamber,  where  it  bums,  accelerating 
the  projectile.  Liquid  propellant  gun  mean  performance  (data  with  oscillations  removed  by  filtering)  is 
modeled  with  a  mature,  predictive,  lumped  parameter,  interior  ballistic  model  which  has  been  compared 
extensively  to  experimental  data  (Coffee,  Wren,  and  Morrison  1989,  1990;  Wren,  Coffee  and  Morrison 
1991). 


Figure  2.  A  Concept  VIC  regenerative  liquid  protxllant  gun. 
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The  liquid  jet  encounters  a  hot,  dense,  and  turbulent  high-pressure  environment  of  reacted  and  partially 
reacted  products.  Subsequently,  the  injected  liquid  undergoes  an  intricate  series  of  processes,  including 
atomization,  heating,  vaporizauon,  diffusion,  turbulent  mixing,  and  chemical  reaction.  The  details  of 
propellant  breakup  and  combustion  are  poorly  understood  at  present,  although  diagnostic  research  efforts 
are  ongoing  to  characterize  the  jet  under  gun  conditions  (Birk  1991).  The  ensuing  combustion  process 
is  characterized  by  pressure  fluctuations  which  typically  initiate  at  aj^roximately  50  MPa  (Figure  1). 

Several  theories  have  been  advanced  for  the  origin  of  the  pressure  oscillations,  and  several  are  under 
active  study.  One  potential  explanation  which  h,*^  been  successfully  modeled  maintains  that  the  pressure 
fluctuations  result  from  the  combination  of  a  highly  pressure-sensitive  bum  rate  of  the  propellant  combined 
with  a  continuous  accumulation  of  unbumed  propellant  near  the  injector  (Oberle  and  Wren  1991;  Coffee 
1992;  McBramey,  Teague,  and  Vandeihoff  1992).  Another  explanation  advanced  is  that  flow  conditions 
created  by  the  liquid  jet  as  it  emerges  from  the  injector  into  the  combustion  chamber  form  vortical 
structures  containing  propellant  which  circulate  in-phase  witii  pressure  waves  and  periodically  release  heat 
in  the  combustion  chamber  (Schadow  1992).  A  third  explanation  proposed  is  that  pressure  variations 
moving  over  the  intact  jet  core  result  in  enhanced  breakup  at  the  jet  boundaries,  leading  to  atomization 
and  local  high-energy  release  rates  (Faeth  1992).  A  fourth  possible  source  is  random,  impulsive 
combustion  of  ligaments  of  propellant  in  localized  regions  of  the  combustion  chamber  (Habeil  1991). 

Visualization  of  the  liquid  propellant  LGP1846  at  gun  conditions  has  not  precisely  determined  the 
mechanism  which  initiates  pressure  oscillations.  Diagnostics  at  pressures  up  to  30  MPa  show  a  highly 
turbulent  process  in  which  flame  is  visible  at  various  locations  in  the  combustion  chamber  and  conditions 
which  change  rapidly  with  time  (Birk  1991).  There  does  not  appear  to  be  an  identifiable  pattern  to  either 
the  location  or  the  change  of  location  of  bunung.  Thus,  it  might  be  conjectured  the  pressure  fluctuations 
are  caused  by  randomness  in  the  jet  breakup  and  energy  release,  resulting  from  one,  or  a  combination  of 
the  mechanisms  discussed  above,  together  with  mechanisms  not  identified. 

Thus,  the  objective  of  this  work  is  to  (1)  develop  a  physically  suRxrrtable  model  of  random  energy 
release  in  the  RLPG  using  experimental  data  to  suggest  needed  parameter  values  in  a  one-dimensional 
(1-D)  model;  (2)  determine  to  what  extent  the  experimental  pressure  history  can  be  explained  by 
randomness  in  the  energy  release  of  the  liquid  propellant  in  the  jet;  and  (3)  examine  the  propagation  of 
chamber  pressure  fluctuations  from  the  combustion  chamber  to  the  projectiles’s  base  in  a  one-dimensional 
(1-D)  model.  In  addition,  the  model  is  used  to  suggest  methods  of  reduction  of  pressure  fluctuations. 
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2.  DESCRIPTION  OF  MODEL 


As  reported  previously  (Wren  and  Gough  1990),  the  model  is  a  fully  1-D  continuum  model  of  the 
RLPG,  including  treatment  of  the  liquid  reservoir,  damper,  combustion  chamber,  and  tube.  The  governing 
equations  for  the  combustion  chamber  are  the  same  as  those  of  the  tube.  In  the  general  case  when 
droplets  are  present,  they  consist  of  1-D  balances  of  mass,  momentum,  and  energy  for  the  mixture  of 
combustion  gases  and  droplets.  The  cross-sectional  area  of  the  flow  in  each  of  the  regions  of  the 
combustion  chamber  or  tube  is  that  of  the  chamber  or  tube  reduced  by  the  cross-sectional  area  of  the  jet. 
The  change  in  area  is  also  considered  due  to  the  intmsion  of  the  center  bolt. 

The  liquid  jet  in  the  RLPG  is  "thick"  (up  to  a  hydraulic  diameter  of  1.5  cm  as  calculated  by 
simulation).  Breakup  of  the  jet  entails  finite  rate  processes,  and  there  appears  to  be  a  "conditioning  time" 
before  combustion  involving  atomization,  heating,  kinetics,  etc.  (Biric  and  Reeves  1987;  Klein  1990; 
Bracco  1986).  Attempts  to  apply  sensitive  time  lag  theory  to  the  jet  breakup  (Coffee  et  al.  1991)  have 
been  successful.  Sensitive  time  lag  theory  was  developed  as  a  description  of  the  delay  in  energy  release 
in  liquid  propellant  rockets  (Crocco  and  Cheng  1956).  Sensitive  time  lag  theory  is  essentially  a  model 
of  energy  release  as  a  two-part  step  function.  The  first  step  is  a  conditioning  time,  which  is  related  to 
pressure,  for  an  injected  packet  of  liquid.  The  second  step  is  an  instantaneous  release  of  energy  in  the 
packet  of  liquid.  Thus,  it  is  implicitly  assumed  that  all  delay  processes  can  be  related  to  pressure. 

The  model  described  in  this  report  develops  a  description  of  the  jet  breakup  based  on  a  conditioning 
time,  a  randomness  associated  with  the  condition  of  "packets"  of  liquid,  and  a  Taylor  theory  (Birk  and 
Bliesener  1991)  which  has  been  used  to  describe  the  energy  release  of  liquid  propellant  (LP)  in  a  limited 
regime. 

The  conditions  under  which  the  jet  is  injected  change  with  time  during  the  interior  ballistic  GB) 
process  in  terms  of  pressures,  jet  velocity,  etc.  Physically,  these  changes  do  not  take  place  instantaneously 
but  occur  over  a  finite  time  interval.  Therefore,  injection  conditions  would  be  expected  to  be  similar  over 
some  time  interval.  The  "coherence  interval"  is  therefore  defined  in  the  model  as  the  time  interval  over 
which  injection  conditions  are  expected  to  be  similar. 

However,  injected  propellant  cannot  persist  indefinitely  in  the  combustion  chamber.  This  implies  a 
maximum  "conditioning  time"  before  the  propellant  begins  to  release  energy.  The  "conditioning  time" 
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is  defined  as  the  delay  time  after  injection  before  which  an  increment  of  propellant  begins  to  release 
energy.  The  "maximum  conditioning  time"  and  the  "coherence  interval"  are  parameters  which  are  input 
(fixed)  at  the  beginning  of  a  calculation  and  are  illustrated  in  Figure  3.  Since,  physically,  randomness  in 
the  injection  of  propellant  is  introduced  into  the  gun  by  mechanical  motion  of  the  pistons,  a  constantly 
varying  area  for  propellant  flow  between  the  two  pistons,  and  pressure  fluctuations  in  the  liquid  reservoir, 
as  well  as  the  breakup  process,  the  conditioning  time  for  the  increments  of  propellant  contained  in  a  given 
coherence  interval  is  randomly  chosen  to  be  between  zero  and  the  maximum  conditioning  time. 

Once  mature,  the  energy  release  rate  of  each  packet  of  liquid  is  modeled  with  a  Taylor  formulation 
in  which  the  breakup  time  is  determined  from  entrance  conditions  at  the  interface  between  the  liquid 
reservoir  and  the  combustion  chamber  (Bi±  and  Bliesener  1991).  Taylor’s  theory  is  an  aerodynamic 
theory  which  treats  the  primary  atomization  of  the  jet.  The  theory  utilizes  a  parameter  B  which  is  the  ratio 
of  the  Reynold’s  number  to  the  Weber  number,  that  is, 

pV^DIa  ’ 

with  p  the  viscosity,  a  the  surface  tension,  p  the  density,  V  the  velocity,  and  D  the  diameter  of  the 
injector.  In  the  case  of  an  annulus,  the  diameter  D  is  taken  to  be  twice  the  gap  or  the  thickness. 

Thus,  it  is  assumed  that  the  rate  of  decomposition  of  a  jet  increment,  once  begun,  is  fixed  by  the 
conditions  which  prevail  on  average  during  the  sampling  interval.  Each  elementary  increment  follows  an 
inertial  trajectory  which  is  uncoupled  from  that  of  any  other  increment.  If  the  increment  impacts  the  face 
of  the  chamber,  it  is  partially  reflected  and  partially  transmitted  to  the  tube  according  to  a  fixed  value  of 
admittance  which  is  set  by  the  user.  Similarly,  the  velocity  achieved  following  reflection  from  either  the 
chamber  face  or  the  projectile  base  is  related  to  the  incident  velocity  by  means  of  a  user-defined 
coefficient  of  restitution.  Thus,  as  the  solution  evolves,  there  is  an  aggregate  of  elementary  jet  increments, 
each  moving  inertially,  except  as  modified  by  reflections  from  the  chamber  face,  the  projectile  base  and 
the  piston  face. 

The  assumption  that  each  jet  increment  follows  a  purely  inertial  path  is  thought  to  be  a  reasonable  first 
approximation,  provided  that  the  fraction  of  the  available  cross  section  occupied  by  the  jet  is  not  too  large. 
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Figure  3.  Illustration  of  "maximum  conditioning  time"  and  "coherence  interval". 


Considering  the  jet  fiom  a.  continuum  perspective,  ii  is  radially  unconfined.  Accordingly,  since  the  jet  is 
much  less  compicssible  than  the  surrounding  mixture,  it  is  expected  that  the  axial  pressure  distribution 
within  the  jet  is  controlled  by  the  dynamics  of  the  mixture.  As  one  portion  of  the  jet  presses  against 
another,  it  is  expected  that  the  radial  boundary  will  displace  to  accommodate  the  interaction.  Only  when 
the  jet  begins  to  fill  the  cross  section  docs  this  assumption  break  down,  making  it  necessary  to  consider 
an  axial  stress  field  in  the  jet  independently  of  that  in  the  mixture.  As  for  the  gas  dynamic  forces,  there 
are  two  kinds — namely,  drag  and  buoyancy.  Drag  forces  are  expected  to  exen  a  negligible  influence  on 
the  momentum  of  the  jet;  the  associated  shear  is  accommodated  by  the  material  which  is  converted  to 
droplets.  The  buoyancy  force  is  simply  that  due  to  gradients  of  the  gas  pressure.  Although  the  gas 
pressure  gradient  can  become  large,  especially  at  the  entrance  to  the  tube,  neglect  of  its  influence  on  the 
jet  is  thought  to  be  justified  at  this  stage  of  the  development  of  the  model  since  the  density  of  the  jet  is 
much  greater  than  that  of  the  gas.  The  effects  of  buoyancy  and  of  the  stresses  due  to  interactions  between 
jet  increments  can  be  modeled  when  future  applications  of  the  code  so  demand. 

3.  MESH  INDIFFERENCE 

A  Macormack  scheme  is  utilized  to  numerically  solve  the  governing  equations.  A  comparison  of  the 
chamber  pressure  and  base  pressure  histories  for  two  mesh  spacings  are  shown  in  Figures  4  and  5.  The 
pressures  are  taken  ct  the  breech,  considered  to  be  the  face  of  the  outer  piston  in  the  combusUon  chamber. 
The  solid  line  in  Figures  4  and  5  is  the  solution  using  33  mesh  points,  while  the  dotted  line  utilizes 
69  mesh  points  in  the  chamber.  In  both  cases,  21  mesh  points  are  used  in  the  bairel.  The  initial  axial 
distance  in  the  chamber  from  the  piston  face  in  the  combustion  chamber  to  the  projectile  base  is 
15.808  cm,  and  the  final  axial  distance  in  the  combustion  chamber  is  25.9  cm.  Thus,  33  mesh  points 
correspond  to  an  initial  spacing  of  0.49  cm  and  a  final  spacing  of  0.81  cm.  Similarly,  69  mesh  points 
correspond  to  an  initial  spacing  of  0.23  cm  and  a  final  spacing  of  0.38  cm.  As  can  be  seen  from 
Figures  4  and  5,  the  solutions  show  some  expected  variation  with  mesh  spacing.  However,  the  details  of 
the  fluctuations  from  mean  pressure  are  almost  identical  for  either  mesh  spacing,  and  the  solutions  in 
Figures  4  and  5  demonstrate  acceptable  mesh  indifference. 

A  second  numeric  parameter  is  the  ratio  of  an  elementary  jet  increment  to  the  mesh  spacing  in  the 
combustion  chamber,  referred  to  as  BUKLEN.  The  solutions  in  terms  of  chamber  pressure  history  at  the 
breech  for  BUKLEN  values  of  0.2  (line)  and  1.0  (dot)  are  shown  in  Figure  6.  As  can  be  seen  in  Figure  6, 
the  solution  also  demonstrates  reasonable  insensitivity  to  the  value  of  BUKLEN.  Thus,  the  solution  is  felt 
to  have  demonstrated  the  required  numeric  insensitivity. 
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Figure  6.  Comparison  of  breech  chamber  pressure  histories  for  BUKLEN  values  of  0.2  (line)  and 
1.0  (dot). 

4.  APPLICATION 

The  model  is  applied  to  a  155-mm  gun  geometry.  A  typical  experimental  pressure  history  in  the 
combustion  chamber  for  a  5-liter  shot.  Round  81,  from  the  first-generation  gun  is  shown  in  Figure  1.  An 
inverse  analysis  of  the  experimental  data  based  on  an  energy  balance  yields  an  approximation  of  the  liquid 
accumulation  (liquid  propellant  which  has  been  injected  into  the  chamber  but  has  not  apparently  released 
energy;  in  the  combustion  chamber  as  a  function  of  time  (Coffee,  private  communication  1991)  as  shown 
in  Figure  7.  The  maximum  amount  of  accumulated  liquid  propellant  is  estimated  to  be  200-400  g, 
depending  upon  the  bum  rate  law  used  for  the  propellant  (Coffee  et  al.  1991).  The  percentage  of 
accumulation  is  defined  as  .the  mass  of  accumulated  liquid  propellant  divided  by  the  amount  of  mass 
injected  by  that  time  step.  Accumulation  Iras  been  as  high  as  30%  in  some  fixtures,  implying  a  substantial 
amount  of  unbumed  liquid  in  the  combustion  chamber,  particularly  during  early  times  in  the  ballistic 
cycle. 

In  the  model,  the  value  of  maximum  conditioning  time  is  chosen  such  that  the  model  agrees  with  the 
approximation  of  the  mass  of  accumulated  liquid  as  shown  in  Figure  7.  The  maximum  conditioning  time 
used  is  0.2  ms,  the  coherence  interval  is  0.1  ms,  Mid  the  user-specified  coefficient  in  the  Taylor  theory 
is  0.2.  The  resultant  pressure-time  simulation  in  the  combustion  chamber  is  shown  in  Figure  8.  At  3  ms, 
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Figure  7.  Liquid  accumulation  in  the  combustion  chamber  based  on  simulation. 


Figure  8.  Simulation  of  chamber  pressure  with  random  breakup  of  liquid  ieL 
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the  injection  rate  is  951,692  g/s  in  the  simulation.  The  coherence  interval  of  0.1  ms  implies  that 
approximately  95  g  of  liquid  act  as  a  body  of  fluid  which  translates  to  a  distance  equal  to  approximately 
the  injection  velocity  times  the  coherence  interval  before  releasing  energy.  The  choice  of  the  Taylor 
parameter  is  such  as  to  induce  very  rapid  decomposition  of  the  fluid  element  once  it  is  "mature".  It  is  the 
combination  of  localization  and  rapid  energy  relea:>e  which  drives  the  oscillations  in  the  present  model. 
It  can  be  seen  that  significant  excursions  from  mean  pressure  can  result  from  randomness  in  the  jet 
breakup  length.  Since  analysis  of  experimental  data  suggest  radial  modes  in  the  combustion  chamber,  it 
is  not  expected  that  a  1-D  model  will  duplicate  experimental  pressure  histories.  However,  the  model 
suggests  that  randomness  in  the  jet  breakup  may  be  implicated  in  the  production  of  pressure  fluctuations. 

A  characterization  of  the  jet  at  various  time  steps  is  shown  in  Figure  9,  where  0.0  cm  represents  the 
tube  origin  and  -15.8  cm  represents  the  initial  piston  position.  At  each  timestep  shown,  the  locatitm  and 
amount  of  mass  in  the  jet  is  shown,  with  the  right-most  boundary  representing  the  face  of  the  piston. 
Since  the  piston  is  moving  rearward  to  inject  liquid  propellant,  the  right-most  boundary  recedes  with  time. 
It  is  noted  that,  consistent  with  the  derived  accumulation  from  experiment,  the  jet  is  short.  Even  with  little 
penetration  into  the  combustion  chamber,  the  liquid  jet  provides  an  energy  source  for  substantial  pressure 
fluctuations.  The  base  pressure  history  for  this  simulation  is  shown  in  Figure  10.  It  can  be  seen  that  the 
fluctuations  in  chamber  pressure  propagate  acoustically  to  the  base  of  the  projectile  and  that  substantial 
fluctuations  in  the  base  pressure  result  The  model,  therefore,  validates  observations  of  dovmbore  pressure 
histories  which  exhibit  oscillations  of  similar  amplitude  to  those  measured  in  the  combustion  chamber. 
Since  the  modeled  jet  is  quite  short  and  the  chemical  energy  release  is  confined  to  the  combustion 
chamber,  the  pressure  oscillations  at  the  projectile  base  are  shown  to  be  a  consequence  of  1-D  wave 
propagation  rather  than  local  energy  release  at  the  projectile  base.  However,  it  is  noted  that  a  1-D  model 
is  not  capable  of  describing  possible  three-dimensional  effects  which  could  randomize  the  pressure 
fluctuations  on  the  base  of  the  projectile,  an  issue  of  interest  to  the  munitions  community. 
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5.  REDUCTION  OF  PRESSURE  OSCILLATIONS 


In  this  theoretical  study,  pressure  fluctuations  can  be  reduced  by  decreasing  the  maximum  conditioning 
time  or  decreasing  the  coherence  interval  or  both.  However,  since  the  initial  conditions  are  not  changed, 
it  is  more  physically  meaningful  to  utilize  the  same  value  of  the  coherence  interval.  Thus,  the  maximum 
conditioning  time  is  decreased.  In  Figure  11,  the  jet  breakup  is  random,  but  the  maximum  conditioning 
time  is  1/10  the  previous  value  used  in  Figure  8.  The  maximum  conditioning  time  used  is  0.02  ms,  the 
coherence  interval  is  0.1  ms,  and  the  user-specified  coefficient  in  the  Taylor  theory  is  0.2.  At  a  similar 
injection  velocity  at  3  ms,  compared  to  the  previous  simulation,  a  maximum  conditioning  time  of  0.02  ms 
implies  that  the  jet  increment  will  begin  releasing  energy  almost  immediately  upon  introduction  into  the 
combustion  chamber. 

The  results  suggest  that  injection  patterns  which  break  the  liquid  propellant  into  small  packets,  suet: 
as  finely  atomized  sprays  or  jet  splitters,  may  result  in  quieter  combustion.  Jet  splitters  have  been 
successftilly  utilized  in  a  diagnostic  LP  fixture  (Rychanovsky  1991)  and  in  a  30-mm  gun  (Despirito  1991). 
Jet  splitters  are  mounted  downstream  of  the  injector  and  are  intended  to  disrupt  the  liquid  jet.  Currently 
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iet  breakup. 

they  have  achieved  only  limited  success  in  reducing  pressure  oscillations.  However,  the  model  suggests 
that  mechanisms  which  shorten  the  time  from  injection  to  the  beginning  of  energy  release  may  reduce 
pressure  oscillations. 

6.  SUMMARY 

A  one-dimensional  model  of  the  regenerative  liquid  propellant  gun  has  been  presented  which  uses  a 
Taylor  theory  for  the  breakup  and  energy  release  of  the  liquid  jet  and  treats  the  axial  extension  of  the  jet 
in  the  combustion  chamber.  The  model  allows  for  randomness  in  the  jet  breakup  to  mimic  the  physical 
conditions  of  randomness  in  conditioning  time  which  may  be  associated  with  propellant  combustion.  The 
model  suggests  that: 

(1)  sigmficant  fluctuations  in  chamber  pressure  can  be  produced  with  a  random  jet  breakup  length, 
even  with  short  jets; 
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(2)  if  pressure  oscillations  are  due  to  rough  combustion,  energy  can  be  radiated  acoustically  to  the 
base  of  the  projectile; 

(3)  downbore  pressure  fluctuations  are  physically  plausible,  even  with  short  jets  confined  to  the 
combustion  chamber, 


(4)  pressure  fluctuations  can  be  potentially  reduced  by  decreasing  the  conditioning  time  before  the 
liquid  propellant  begins  to  release  energy. 

One  interpretation  of  conclusion  (4)  is  to  finely  atomize  the  liquid  or  break  it  apart  upon  introduction 
into  the  chamber.  This  analysis  suggests  that  designs  which  utilize  thicker  jets  in  order  to  increase  the 
mass  flow  into  the  combustion  chamber  may  be  expected  to  experience  even  larger  magnitudes  in  the 
amplitude  of  pressure  oscillations  due  to  the  potential  for  more  coherence  in  the  structure  of  the  jet. 
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LOGOUT  PARAMETERS 
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PRESSURE  OF  GAS (MPA)  20.000 
PRESSURE  OF  LIQUID  BOOSTER  CHARGE (MPA)  3.450 
PRESSURE  OF  LIQUID  TRAVELING  CHARGE (MPA)  0.000 
TEMPERATURE (DEG. K)  2569.000 
PRESSURE  OF  DAMPING  LIQUID (MPA)  3.450 
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No.  of  No.  of 

Copies  Organization  Copies  Organization 


2  Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22304-6145 

1  Commander 

U.S.  Army  Materiel  Command 
ATTN:  AMCAM 
5001  Eisenhower  Ave. 

Alexandria,  VA  22333-OCOl 

1  Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-D 
2800  Powder  MUI  Rd. 

Adelph:.MD  20783-1145 

1  Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-AD, 

Tech  Publishing 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783-1145 

2  Conunander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATIN:  SMCAR-IMI-I 
Picatinny  Arsenal,  NJ  07806-5000 


1  Commander 

U.S.  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 

Redstone  Arsenal,  AL  35898-5010 

1  Commands 

U.S.  Army  Tank-Automotive  Command 
ATTN:  ASQNC-TAC-DIT  (Technical 
Information  Center) 

Warren,  MI  48397-5000 

1  Director 

U.S.  Army  TRADOC  Analysis  Command 
ATTN:  ATRC-WSR 

White  Sands  Missile  Range,  NM  88002-5502 

1  Commandant 

U.S.  Army  Field  Artillery  School 
ATTN:  ATSF-CSI 
FlSU1,OK  73503-5000 

(Glut,  only)  1  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD  (Security  Mgr.) 

Fort  Benning,  GA  31905-5^ 

(UncUi*.  only)  1  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905-5660 


2  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-TDC 
Picatinny  Arsenal,  NJ  07806-5000 

1  Director 

Benet  Weapons  Laboratory 
U.S.  Army  Armament  Research, 
Development,  and  Engineering  Cen*c  : 
ATTN:  SMCAR-CCB-TL 
Watervliet,  NY  12189-4050 

(Unciia.  only)  j  Commander 

U.S.  Army  Rock  Island  Arsenal 
ATTN:  SMCRI-IMC-RT/Technical  Library 
Rock  Island,  IL  61299-5000 


1  WL/MNOI 
EglinAFB,FL  32542-5000 

Aberdeen  Proving  Ground 

2  Dir,  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 

1  Cdr,  USATECOM 
ATTN:  AMSTE-TC 

1  Dir,  ERDEC 

ATTN:  SCBRD-RT 

1  Cdr,  CBDA 

ATTN:  AMSCB-CI 


1 


Director 

U.S.  Army  Aviation  Research 
and  Technology  Activity 
ATTN:  SAVRT-R  (Library) 
M/S  219-3 

Ames  Research  Center 
Moffeu  Field,  CA  94035-1000 


1  Dir,  USARL 

ATTN:  AMSRL-SL-I 


10  Dir,  USARL 

ATTN:  AMSRL-OP-CI-B  (Tech  Lib) 
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1  OSD/SDIO/IST 

ATTN:  Dr.  Len  Caveny 
Pentagon 

Washington.  DC  20301-7100 

1  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-TSS 
Picatinny  Arsenal,  NJ  07806-5000 

4  Commander 

U.S.  Army  Armament  Kescarch, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-AEE-BR,  A.  Beardell 
SMCAR-AEE-B,  D.  Downs 
SMCAR-AEE, 

A.  Bracuti 
D.  Chieu 

Picatinny  Arsenal,  NJ  07806-5000 

1  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-FSA-S.  H.  Liberman 
Picatinny  Arsenal,  NJ  07806-5000 

8  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-FSS-DA,  Bldg  94, 

B.  Machak 

S.  Traendly 

T.  Kuiiata 
R.  Kopinann 

J.  Irizarry 
L.  Binder. 

C.  Spinelli 

K.  Chung 

Picatinny  Arsenal,  NJ  07806-5000 

2  Commandant 

U.S.  Army  Field  Artillery  School 
ATTN:  ATSF-CMW 

ATSF-TSM-CN,  J.  Spicer 
FortSUl.OK  73503 


1  Commander 

U.S.  Army  Belvoir  RD&E  Center 
ATTN:  STRBE-WC, 

Tech  Library  (Vault)  B-315 
Fort  Belvoir,  VA  22060-5606 

1  Commander 

U.S.  Army  Research  Office 
ATTN:  Technical  Library 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 

1  Commandant 

U.S.  Army  Armor  Center 
ATTN:  ATSB-CD-MLD 
Fort  Knox,  KY  40121 

4  Commander 

Dahlgren  Division 
Naval  Surface  Warfare  Center 
ATTN:  Code  G30,  Guns  and  Munitions  Divisior 
Code  G301,  D.  Wilson 
Code  G32,  Gun  Systems  Branch 
Code  E23,  Technical  Library 
Dahlgren,  VA  22448-5000 

2  Commander 

Naval  Surface  Warfare  Center 
ATTN:  0.  Dengel 
K.  Thorsted 

Silver  Spring.  MD  20502-5000 

1  Commander 

Naval  Weapons  Center 
China  Lake,  CA  93555-6001 

1  Director 

Benet  Laboratories 

U.S.  Army  Armament  Research, 

Development,  and  Engineering  Center 
ATTN:  SMCAR-CCB-RA,  Julius  Frankel 
Watervliet,  m'  12189-4050 

1  Commandant 
USAFAS 

ATTN:  ATSF-TSM-CN 
FortSUl.OK  73503-5600 
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No.  of 

Copies  Organization 

1  HQ  USAMC  COM 

AMSMC-SAS 
ATTN:  George  Schlenker 
Rock  Island.  IL  61299-6000 

1  California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
ATTN:  Technical  Lilwa^ 

4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

2  Sandia  National  Laboratories,  Livermore 
Combustion  Research  Facility 
Division  8357 

ATTN:  Dr.  S.  Vosen 

Dr.  R.  Armstrong 
Livermore,  CA  94551-0469 

2  Director 

National  Aeronautics  and 
Space  Administration 
Lewis  Research  Center 
ATTN:  MS-603,  Technical  Library 
MS-86,  Dr.  Povinelli 
21000  Brookpadc  Road 
Cleveland,  OH  44135 

1  Director 

National  Aeronautics  and 
Space  Administration 
Manned  Spacecraft  Center 
Houston,  TX  77058 

1  The  Johns  Hopkins  University 

Applied  Physics  Labtxatory 
Johns  Hopkins  Road 
Uurel.  MD  20707  . 

1  UnivCTsity  of  Illinois  at  Chicago 

Department  of  Chemical  Engineering 
ATTN:  Professor  Sohail  Murad 
Box  4348 

Chicago,  IL  60680 

1  University  of  Missouri  at  Columbia 

Department  of  Chemistry 
ATTN:  Professor  R.  Thompson 
Columbia,  MO  65211 


No.  of 

Copies  Organization 

1  University  of  Michigan 

ATTN:  Professor  Gerard  M.  Faeth 
Department  of  Aerospace  Engineering 
Ann  Arbor,  MI  48109-3796 

1  University  of  Missouri  at  Kansas  City 

Department  of  Physics 
ATTO:  Professor  R.  D.  Murphy 
1110  East  48th  Street 
Kansas  City,  MO  64110-2499 

1  Pennsylvania  State  University 

Department  of  Mechanical  Engineering 
ATTN:  Professor  K.  Kuo 
University  Park,  PA  16802 

1  University  of  Arkansas 
Department  of  Chemical  Engineering 
ATTN:  J.  Havens 

227  Engineering  Building 
Fayetteville,  AR  72701 

2  University  of  Delaware 
Department  of  Chemistry 
ATTN:  Mr.  James  Cronin 

Professor  Thomas  Brill 
Newaric,  DE  19711 

1  Institute  of  Advanced  Technology 

ATTN:  Dr.  Harry  Fair 
4030-2  W.  Braker  Lane 
Austin,  TX  78759-5329 

1  School  of  Engineering  and 

Computer  Science 

Califrania  State  Univesity,  Sacramento 
ATTN:  Dr.  Frederick  Reardon 
6000  J  St. 

Sacramento,  CA  95819-2694 

1  University  of  Colorado  at  Boulder 

Department  of  Mechanical  Engineering 
ATTN:  Dr.  John  Daily 
Engineering  Center  ME  1-13 
Campus  Box  427 
Boulder,  CO  80309-0427 
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No.  of 

Copies  Organization 


No.  of 

Copies  Organization 


1  UnivCTsity  of  Maryland  at  College  Park 

ATIN:  Professor  Franz  Kasler 
Department  of  Chemistry 
College  Park,  MD  20742 

1  Director 

Sandia  National  Laboratories 
Division  8152 

ATTN:  Dr.  Ray  Rychnovsky 
P.O.  Box  969 

Livermore,  CA  94551-0969 

1  Director 

Sandia  National  Laboratories 
Division  8244 

ATTN:  Dr.  Stuart  Griffitlis 
P.O.  Box  969 

Livermore,  CA  94551-0969 

2  Princeton  Combustion  Research 

Laboratories,  Inc. 

ATTN:  Neale  A.  Messina 

Dr.  Martin  Summerfield 
Princeton  Corporate  Plaza 
11  Deetpark  Dr.,  Bldg.  IV,  Suite  119 
Monmouth  Junction,  NJ  08852 

1  Conway  Enterprises 

ATTN:  Professor  Alistair  Macpherson 
499  Fine  Top  Trial 
Bethlehem,  PA  18017-1828 

1  Paul  Gough  Associates,  Inc. 

ATTN:  Dr.  Paul  S.  Gough 
1048  South  Street 
Portsmouth,  NH  03801-5423 

1  IITRI 

ATTN:  Library 
10  W.  35th  St 
Chicago,  IL  60616 

1  Science  Applications  International 

Corporation 

ATTN:  Norman  Banks 
Suite  255 

4900  Waters  Edge  Dave 
Raleigh,  NC  27606 


1  t!alspan  Corporation 

ATTN:  Technical  Library 
P.O.  Box  400 
Buffalo,  NY  14225 

6  General  Electnc  Ord  Sys  Div 
ATTN:  J.  Mandzy,  OP43-220 
R.  E.  Mayer 
W.  Pasko 
B.  Haberl 
I.  Magoon 
L.  A.  Walter 
100  Plastics  Avenue 
PitLsfjeld,  MA  01201-3698 

1  Sundstrand  Aviation  Operations 

ATTN:  Mr.  Owen  BrUes 
P.O.  Box  7202 
Rockford,  IL  61125 

1  Veritay  Technology,  Inc. 

ATTN:  E.  B.  Fisher 
P.O.  Box  305 

4845  Millersport  Highway 
East  Amherst,  NY  14051-0305 

2  Science  Applications  International  Corporation 
ATTN:  Dr.  Sanford  Dash 

Mr.  Neeraj  Sinha 
501  Office  Center  Drive 
Suite  420 

Ft.  Washington,  PA  19034-3211 

t  Georgia  Instiuite  of  Technology 
School  of  Aerospace  Engineering 
ATTN:  Dr.  Suresh  Menon 
Atlanta.  GA  30332-0150 

2  Institute  for  Defense  Analysis 
ATTN:  Dr.  Joan  Cartier 

Dr.  David  Sparrow 
1801  N.  Beauregard  St. 

Alexandria,  VA  22311-1772 
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No.  of 


Copies  Organization 

1  R\RDE 
GS2  Division 

ATTN:  Dr.  Clive  Woodley 
Building  R31 
Ft  Halstead 

Sevenoaks.  Kent  TN14  7BT 
ENGLAND 

1  Imperial  College  of  Science  and  Medicine 
Mechanical  Engineenng  Department 
ATTN;  Professor  J.  H.  Whitehw 
Exldbition  Road,  London  SW7  2BX 
ENGLAi'«> 


Intentionally  left  blank. 
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